Purpose: Many neonates undergo electroencephalogram (EEG) monitoring to identify and manage acute symptomatic seizures. Information about brain function contained in the EEG background data may also help predict neurobehavioral outcomes. For EEG background features to be useful as prognostic indicators, the interpretation of these features must be standardized across electroencephalographers. We aimed at determining the interrater and intrarater agreement among electroencephalographers interpreting neonatal EEG background patterns.
Purpose: Many neonates undergo electroencephalogram (EEG) monitoring to identify and manage acute symptomatic seizures. Information about brain function contained in the EEG background data may also help predict neurobehavioral outcomes. For EEG background features to be useful as prognostic indicators, the interpretation of these features must be standardized across electroencephalographers. We aimed at determining the interrater and intrarater agreement among electroencephalographers interpreting neonatal EEG background patterns.
Methods: Five neonatal electroencephalographers reviewed 5-to-7.5-minute epochs of EEG from full-term neonates who underwent continuous conventional EEG monitoring. The EEG assessment tool used to classify background patterns was based on the American Clinical Neurophysiology Society's guideline for neonatal EEG terminology. Interrater and intrarater agreement were measured using Kappa coefficients. A n increasing number of neonates undergo continuous electroencephalographic (EEG) monitoring [1] [2] [3] to identify electrographic seizures and assess background activity, as recommended by recent neonatal EEG monitoring guidelines. 4 The EEG background data contain a vast amount of information about brain function that may help predict neurobehavioral outcomes. Furthermore, because EEG is a direct measure of cerebral function, EEG may be a superior predictor of outcomes compared with clinical measures, such as examination signs or laboratory values. Electroencephalogram background patterns have been used to predict and/or have been correlated with multiple outcomes including mortality, neurodevelopment, and epilepsy. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Studies have established that normal and severely abnormal EEGs are often associated with favorable and unfavorable outcomes, respectively. 23, 24 Furthermore, the persistence of abnormal EEG features increases the predictive value for unfavorable outcomes. 19, 25 However, there are several problems related to the use of EEG data for neuroprognostication. First, until recently, studies have used varying terminology and definitions. 24 In 2013, the American Clinical Neurophysiology Society (ACNS) published standardized neonatal EEG terminology, thereby providing standardized interpretation methods. 26 Second, although EEG is an objective measure of cortical and subcortical network activity, EEG interpretation is subjective. Numerous studies have shown that the interpretation of EEG features among electroencephalographers is not standard, [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] but only one previous study evaluated neonatal EEG interpretation. 34 To optimize the use of neonatal EEG data as a predictive tool, EEG interpretation must be reliable across electroencephalographers. We aimed at measuring the intrarater and interrater agreement of neonatal EEG background patterns by pediatric electroencephalographers using standardized neonatal EEG terminology.
METHODS

Study Participants
The study was performed at the Children's Hospital of Philadelphia. All electroencephalographers who participated in this study were (1) board certified in pediatric neurology, (2) formally trained in pediatric electroencephalography, (3) spending at least 20% patient care time with EEG interpretation, and (4) primary English speakers.
Electroencephalographic tracings were selected from 13 full-term neonates (most of whom were diagnosed with hypoxic-ischemic encephalopathy [HIE]) who underwent clinically indicated continuous conventional EEG monitoring between January 1, 2010 and December 31, 2016. Electrodes were placed according to the International 10-20 System modified for neonates. Most neonates were monitored for up to 96 hours, and interpretable EEG samples were selected from time points throughout the recording period. Before scoring for this study, EEG tracings were deidentified, and clinical notations were deleted. Participants were only aware that tracings were from full-term neonates.
Study Protocol
There were two EEG scoring sessions for each participant. In the first session, participants scored 25 EEG tracings lasting 5 to 7.5 minutes in a random order. Interpretation was performed using a standardized data collection tool based on the ACNS terminology for neonatal EEG 26 that assessed behavioral state, continuity, voltage, frequency, symmetry, synchrony, dysmaturity, graphoelements, EEG transients, artifacts, seizures, and overall impression. Although there are published scales for overall impression, participants provided a gestalt impression because there is no formal ACNS definition. 41, 42 Given the brief duration of the EEG tracings, variability and reactivity were not adequately assessed. In addition, participants used a visual analog scale (range 0-100) to report their confidence in the scoring of each feature. The second scoring session occurred two months later. Participants received the same 25 EEG tracings plus an additional five naive tracings, presented in a random order, and scored using the same data collection tool. One new field, "initial impression," was presented to reviewers first to capture their overall impression of the EEG background before completing the detailed analysis of individual features. Although study participants were aware of the ACNS terminology, they were not provided with any criteria or definitions embedded in the scoring tool.
The data collection responses were entered directly by participants into the Research Electronic Data Capture (REDCap), an electronic data capture tool that provides a secure, web-based system for data capture. 43 Several supplemental variables not included in the ACNS terminology but believed to provide alternative ways of presenting the data were generated post hoc. "Normal continuity" separated normal continuity (continuous and normal discontinuous) and abnormal discontinuity. "Best frequency" identified the fastest reported background activity during the EEG epoch, except for beta activity because this may represent exogenous influences such as medication effect rather than true cerebral function.
Statistical Analysis
Statistical analysis was performed with Stata (version IC, 14) . Frequency counts for the presence of each response for the EEG features were recorded. Categorical features were also recalibrated to binary scales when possible and assessed in both manners. Features were assessed using percent agreement for both intrarater and interrater agreement and nonweighted Kappa coefficient. Given the exploratory nature of the study, seeking to identify variables for consideration in future analysis, a conservative P value of ,0.10 was considered statistically significant, and Fleiss kappa values were recorded. 44 Interrater agreement values were considered reliable if the Fleiss kappa P value was significant (P , 0.10) in both assessment periods (see Table A , Supplemental Digital Content 1, http://links.lww.com/JCNP/A46 for EEG feature categories). Interrater agreement values were considered to have probable reliability if the Fleiss kappa P value was significant in only one of the assessment periods. Interrater agreement values were considered unreliable if the Fleiss kappa P value was not significant in either assessment period. Intrarater agreement was assessed individually and as an average across raters. Individual agreement values were considered reliable if the Fleiss kappa P value was significant (P , 0.10) across all (5) or most (4) 
RESULTS
Study Participants and Neonatal EEG Tracings
Five pediatric electroencephalographers participated in the study. Table 1 provides participant demographics. Table 2 provides demographics for the 13 full-term neonates used to derive the EEG tracings. The primary diagnostic etiologies included HIE for 12 (92%) and congenital cardiac disease status postsurgical repair for 1 (8%) neonate. Table 3 provides the interrater and intrarater kappa agreement values for all variables, grouped by their reliability across both assessment periods. Supplemental Digital Content 1 (see Table A , http://links.lww.com/JCNP/A46) provides all statistical results, including the interrater kappa and percent agreement values of all measured variables.
Interrater Agreement
Variables With Stable Reliability
Some variables had significant P values for kappa measurements of interrater agreement in both assessments, and thus those variables were considered reliably assessed with the EEG tracings used in the study. Interrater agreement was substantial for binary measurement of voltage (assessment 1, 2), suppression presence (assessment 1), and seizure presence (assessment 2). Interrater agreement was moderate for continuity (assessment 1, 2), normal continuity (assessment 1, 2), voltage (assessment 1, 2), burst voltage (assessment 1, 2), binary overall impression (assessment 1, 2), awake state (assessment 1), delta activity presence (assessment 2), theta activity presence (assessment 2), suppression presence (assessment 2), and overall impression (assessment 1). Interrater agreement was fair for initial impression (assessment 2), binary initial impression (assessment 2), indeterminate state (assessment 1, 2), presence of graphoelements (assessment 1, 2), delta activity presence (assessment 1), theta activity presence (assessment 1), seizure presence (assessment 1), and overall impression (assessment 2). Interrater agreement was slight for awake state (assessment 2).
Variables With Probable Reliability
Interrater agreement was moderate for transient type (assessment 1) and binary transient type (assessment 1). Interrater agreement was fair for sleeping state (assessment 2), active sleep (assessment 2), and presence of EEG transients (assessment 2). Interrater agreement was slight for discontinuity type (assessment 2) and binary discontinuity type (assessment 2).
Variables Without Reliability
Some variables did not have significant P values for kappa measurements of interrater agreement in either assessment, and thus they were not reliably assessed with the EEG tracings used in the study. These included burst abnormality type, interburst voltage, interburst abnormality type, quiet sleep, transitional sleep, indeterminate sleep, alpha activity presence, beta activity presence, best frequency achieved, symmetry, synchrony, dysmaturity presence, and artifact presence.
Statistical Significance Cutoffs for Interrater Agreement
The kappa values were also assessed using P values of 0.05 and 0.20 for significance to assess for any major effect on overall outcome and conclusions. If the P value decreased to 0.05, the interrater agreement of transient type was no longer significant in assessment 1. If the P value increased to 0.20, additional variables were included in the significant range. Multiple impressions (slight) and alpha activity presence (poor) become significant in assessment 1. Interburst voltage (slight), interburst abnormality type (slight), and synchrony (poor) become significant in assessment 2.
Intrarater Agreement
The reliability of intrarater agreement assessment was variable with most variables, achieving significance for some but not all reviewers. In addition, within each variable, the range of intrarater agreement was highly variable. Variables with a significant P value for all reviewers' intrarater agreement assessments included awake state (poor, moderate, and near perfect), continuity (moderate and substantial), and overall impression (moderate and substantial). Variables with a significant P value for most reviewers' intrarater agreement assessments included quiet sleep (poor, moderate, and substantial) and normal continuity (slight and substantial). Statistical significance of intrarater agreement for individual raters ranged from 34 to 64%. Table 3 provides average and range of intrarater agreement values for all variables and Supplemental Digital Content 1 (see Table A , http://links.lww.com/JCNP/A46) provides individual intrarater agreement data for all variables.
Confidence in Scoring
Supplemental Digital Content 1 (see Table A , http:// links.lww.com/JCNP/A46) Assessment confidence was highest (median score .80) for the presence of seizures and type of EEG transients. Assessment confidence was high (median score 71-80) for continuity, discontinuity type, voltage, burst voltage, interburst voltage, interburst abnormality type, symmetry, synchrony, and presence of artifact. Assessment confidence was intermediate (median score ,60-70) for assessment of behavioral state, burst abnormality type, EEG transients presence, dysmaturity presence, and overall impression. Assessment confidence was low (median score ,60) for sleep type differentiation. There was a wide spread of confidence scores for each measured variable with interquartile ranges of 18 to 41 points. There was no correlation between confidence and interrater agreement for EEG variable scoring in assessment 1 (Spearman correlation coefficient rho ¼ 0.101; P value ¼ 0.7) nor between confidence and degree of intrarater agreement (Spearman correlation coefficient rho ¼ 20.22; P value ¼ 0.41).
DISCUSSION
This study demonstrates variable agreement in the interpretation of neonatal EEG background features within and between pediatric electroencephalographers. None of the assessed features had perfect or near-perfect interrater agreement. Interrater agreement was highest for voltage (moderate), seizure presence (fairsubstantial), continuity (moderate), burst voltage (moderate), suppressed background (moderate-substantial), delta activity (fair-moderate), theta activity (fair-moderate), and overall impression (moderate). Assessment of voltage as a binary variable increased interrater agreement by one agreement category (moderate to substantial). All other conversions of categorical to binary variables did not increase the interrater agreement category. Our data are generally consistent with the only other study to assess interrater agreement of neonatal EEG background features in term neonates. Wusthoff et al., 34 assessed the interrater agreement among three pediatric electroencephalographers who reviewed EEG tracings from 60 term neonates with HIE using a standardized scoring system based on the ACNS terminology. Agreement was very good for identification of seizures (kappa ¼ 0.93); good for continuity (kappa ¼ 0.78) and overall background (kappa ¼ 0.70); moderate for classifying the record as normal versus abnormal (kappa ¼ 0.49) and background voltage (kappa ¼ 0.41); fair for the presence of background variability (kappa ¼ 0.35); and poor for symmetry (kappa ¼ 0.18), synchrony (kappa ¼ 0.11), physiologic negative sharps (kappa ¼ 0.07), pathologic negative sharps (kappa ¼ 0.17), and positive sharps (kappa ¼ 0.13).
Although interrater agreement in seizure identification was not a primary goal of the present study, our data are somewhat consistent with the previous work. In the present study, interrater agreement for the presence of seizures varied from fair (kappa ¼ 0.375) to substantial (kappa ¼ 0.697) between the two scoring sessions. Wusthoff et al., 34 reported very good (kappa ¼ 0.93) agreement for the identification of the presence of seizures and good (kappa ¼ 0.72) agreement for the quantification of seizure burden among three pediatric electroencephalographers at separate institutions. Stevenson et al., 28 reported the interrater agreement of neonatal seizure detection by three neonatal EEG experts who reviewed EEGs from 70 full-term neonates at risk of encephalopathy. Agreement for temporal assessment of seizures was high (kappa ¼ 0.83), but agreement decreased when a neonate's seizures were brief in duration (,30 seconds) and rarer during the recording. Notably, in our study, all seizures were of brief duration and no record contained more than one seizure, potentially reducing our agreement for seizure detection. Intrarater agreement has not been assessed previously for neonatal EEG interpretation. This study demonstrates that intrarater agreement is extremely variable in neonatal EEG background assessment. Intrarater agreement was consistently highest for continuity (moderate and substantial agreement), normal continuity (slight and substantial agreement), overall impression (moderate and substantial agreement), awake state (poor, moderate, and near-perfect agreement), and quiet sleep (poor, moderate, and substantial agreement). Intrarater agreement varied (spanning four or more agreement categories) across reviewers for most variables, typically ranging from poor to perfect or near perfect. Notably, there was a correlation in which variables with high interrater reliability also have high intrarater agreement, indicating that these variables have the most consistent interpretation.
Confidence assessments demonstrated a wide range of average values across electroencephalographers. Overall, the confidence scores suggest that electroencephalographers are ambivalent about analysis of specific features, especially when asked to recall and use a specific criterion defined by the ACNS. Furthermore, there was no correlation between confidence scores and the degree of interrater or intrarater agreement. This finding suggests that electroencephalographers' perceived strengths and weaknesses in neonatal EEG interpretation did not impact the degree to which they consistently assessed EEG features with themselves or with their peers.
Although the overall impression of the EEG background was reliably assessed in this study, the interpretation of individual EEG variables on which the overall impression was based demonstrated significant interrater and intrarater variability. If EEG data are used at the bedside for direct care and prognostication, and as a potential biomarker for neonatal brain injury in research, then it is imperative to ensure that neonatal EEG interpretation is standardized. There are potential strategies to improve agreement, which warrant future study. Educational interventions and tools that simplify EEG scoring may improve scoring reliability. Hussain et al., 32 evaluated interrater agreement for scoring of hypsarrhythmia patterns and showed that interrater reliability was high for deciphering between a normal and abnormal EEG (kappa ¼ 0.89) but variable when evaluating specific hypsarrhythmia features (kappa range 0.08-0.68). The authors then introduced a simplified hypsarrhythmia grading system, and after a brief tutorial on the use of this grading system, interrater reliability for interpreting hypsarrhythmia increased to kappa of 0.87 (compared with kappa of 0.09). 31 It is feasible that similar tools that incorporate the specific definitions for neonatal EEG background terminology could improve interrater agreement, and groups have begun work on such strategies. 45, 46 Once neonatal EEG assessments are reliable, we can test the true predictive value of individual neonatal EEG for both acute and chronic neonatal outcomes. Knowing the most informative features and patterns can allow for redirection of educational efforts for neonatal EEG readers to focus on correctly and reliably scoring those EEG features that offer the greatest impact to the neonate's care. There are several limitations to this study. First, the study was performed at a single institution with a homogenous pool of electroencephalographers in terms of training, potentially resulting in exaggerated levels of interrater agreement. Second, the limited number and duration of EEG clips provided for assessment during each session limited the number of examples provided for each background feature. A large discrepancy in the presence of a feature resulted in lower kappa values than might have been demonstrated if there had been a more balanced presentation of features. This is evidenced by the wide discrepancy between kappa and percent agreement and has been previously reported. 47 Having more representative samples for EEG features with highly skewed presence (multiple impressions, sleep type, interburst voltage, interburst abnormality type, symmetry, synchrony, dysmaturity, and seizures) might have increased the kappa values for those features. Tracing length also directly affected the assessments because we could not assess variability and reactivity. Third, assessment of a tracing from a neonate's EEG without access to the entire record is not equivalent to EEG interpretation in real-world situations. With access to clinical information and the whole EEG record, an electroencephalographer can review and re-review unclear features and patterns in the context of an entire EEG record to form his/her overall assessments. Fourth, the Hawthorne effect may have also slightly influenced the study because participants knew that they were in a study and that their responses would be highly scrutinized, perhaps altering their typical EEG interpretation methodology. Their EEG assessments in the study, therefore, may not be entirely reflective of their neonatal EEG assessments in daily clinical care. Fifth, HIE was an over-represented diagnosis in this study. However, HIE is commonly encountered in neonatal neurocritical care, and many NICUs primarily use EEG to monitor these neonates. 48, 49 Last, although conceivable confounders were measured and presented in Table 1 , there is always the potential for unmeasured confounders to affect agreement.
Given that the current gold standard of EEG interpretation is visual analysis by an electroencephalographer, it is disconcerting that there is not high reliability in interpretation for all variables. However, the major neonatal EEG background categories (continuity, voltage, and overall impression) were reliably measured in this study, all with moderate intrarater and interrater agreement. As the use of neonatal EEG increases, it is increasingly important to develop strategies to optimize interpretation for the remaining variables. Enhanced educational courses and increased exposure to neonatal EEGs will likely improve familiarity with neonatal EEG terminology. The use of standardized EEG interpretation templates that incorporate the ACNS terminology may increase interpretation agreement. 46 Yet, even with optimization through standardization and educational strategies, EEG interpretation through the eyes of a human reader will always incorporate some degree of subjectivity. Thus, this study highlights the potential role for accurate automation of neonatal EEG interpretation. With increased use of EEG due to heightened recognition of the significant sequelae of neonatal brain injury, there is an increased demand on medical centers to provide neonatal EEG interpretation, a skill requiring advanced training. Automated interpretation technology could assuage this increased need. Promising automated programs and quantitative EEG software remove subjectivity, but these approaches require more investigation. 27, 50, 51 Interrater and intrarater variability exist in the interpretation of visually assessed neonatal EEG features, demonstrating an increased need for improved educational and automation strategies addressing neonatal EEG interpretation.
